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TECHNICAL
MEMORANDUM. Scientific and technical findings that are preliminary or of specialized interest, e.g., quick release reports, working papers, and bibliographies that contain minimal annotation. sign point of 628,000, -20%, +20%, and +40%. Three ideal exit pressure ratios were examined including the design point of 1.378, -10_, and +10%. Inlet incidence angles of 0 deg and +2 deg were also examined. Measurements were made in a linear cascade with highly three-dimensional blade passage flows that resulted from the high flow turning and thick inlet boundary layers. Inlet turbulence was generated with a blown square bar grid. The purpose of the work is the extension of threedimensional predictive modeling capability for airfoil external heat transfer to engine specific conditions including blade shape, Reynolds numbers, and Mach numbers. Data were obtained by a steady-state technique using a thin-foil heater wrapped around a low thermal conductivity blade. Surface temperatures were measured using calibrated liquid crystals. The results show the effects of strong secondary vortical flows, laminar-to-turbulent transition, and also show good detail in the stagnation region. can be found in a previous study by Giel et al. (1999) . The blades of the current study have the same pitch and are located at the same pitchwise locations as those of the previous study. Figure 2 shows the test section mounted on a large rotatable disk. The disk can be rotated +15 deg to -30 deg to accommodate a blade with a different inlet flow angle than the original as well as to vary the incidence angle. Upstream inlet boards were used, but ttle facility uses no exit tailboards.
NOMENCLATURE
Endwall static pressure measurements and other flow field aerodynamic probe measurements all showed excellent periodicity in at least the center three blade passages (see Giel et al., 1996) .
Pressure Measurement Blade Description
The two blades forming passage 5 were instrumented for pressure measurements.
Blade 5 had 20 static pressure taps at 107c span and 20 more at 25% span. Blade 6 had 40 taps at midspan. The tap diameters were 0.5 mm (0.020 in.).
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Heat Transfer Measurement Blade Description
MEASUREMENT TECHNIQUES
The blade in position 6 was fabricated from low conduc- (1996) . t.alsare lesssensitive to illuminatingandviewingangles thannon-encapsulated crystals. Nodifferences in isotherm locationweredetected between overlapping photographs. Heater power wasthenincreased to move theisotherms and theprocess wasrepeated until theentirebladesurface was mapped. Eighteen power levels weretypicallyused foreach flowcondition.
Heat Transfer Measurements
Thedifference between thesurface temperature andthe local adiabatic walltemperature wasused todefine theheat transfercoefficient. In regions wheredatawereavailable frombothcrystals, agreement between the crystals verified that thecorrect definition of h was used and that the adiabatic wall temperature was reasonably accurate.
The following procedure was used to reduce the heat transfer data. With e = 0.98, radiative losses were at most 6_ of the net. heat flux and typically much less. The heat transfer coefficient and the Nusselt number were defined as follows:
The local adiabatic wall temperature, T,_. is: 
gions.
Corrected values of h were then determined from Eq. {1). Figure 3 shows that the maxinmm conduction error is approximately 6%, which is within the overall uncertainty.
To assess tile valktity of the conduction analysis, the finite-difference grid resolution was doubled in the leading edge region. The finer grid results were essentially identical to tile results shown in Fig. 3 . The stagnation region is clearly evident in the figure, with a somewhat steeper gradient on the pressure side than on the suction side. Fig. 4 that the flow at s = -0.26 is decelerating while the flow at s = -0.51 is strongly accelerating, but that the velocities at -0.51 are quite low. Figure 6 shows results obtained at the design pressure ratio and inlet flow angle, but at a Reynolds number 20% less than design (Case 2). No transition start was observed near tile end of the pressure surface as was seen for Case 1. The results for Case 5 are shown in Fig. 9 . Comparing this to Case 1 in Fig. 5 shows the effects of an exit isentropic pressure ratio reduction of 10%. On the pressure surface, those effects are minimal. Fig. 9 (c) still shows a slight increase in Nu at the end of the pressure surface, indicating the start of transition. Table 1 shows that the peak Frossling number is 0.839, again very close to that of the baseline case. Fig. 9(c be evident even before the shock impingement location. Figure 10 shows the resuhs for a 107c increase in PR.
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Effects of Reynolds Number
Comparing the contour plot of Fig. 10(a) and the 1570,, 25%, and 507c span line plots of Fig. 10(c) to those of the baseline case in Fig. 5 shows that the Nusselt number distributions are nearly identical.
The only difference appears to be at the stagnation point where the Frossling number is 2_, higher than the correlations would predict.. This is in contrast to all of the other cases in which measured Frossling numbers were less that correlation predictions.
No explanation can be offered for this. Figure 11 shows the effects of -2 deg of incidence. The only appreciable difference from the baseline case appears to be on the pressure surface very near the stagnation region. Figure 5 (c) showed a small, level region of Nu around s = -0.1. Figure  11 (c) shows a slight dip in this same region that can be attributed to the negative incidence angle. This could indicate a small separation bubble or at least incipient separation. Arts et al. (1998) showed a similar, but much stronger effect of negative incidence for a -5 deg incidence case. Figure 12 shows the effects of +2 deg of incidence.
Effects of Incidence Angle
The pressure surface and stagnation region are very similar to the baseline case, but the suction surface shows signs of early transition. The effects are similar to a 20% increase in Re_ as shown in Fig. 7 . Note, however, from Table 1 Fig. 6 is similar to that shown in Fig. 5 . On the uncovered part of the suction surface the flow is turbulent, and the same modeling is used.
Thecomparisons shown in Fig.7atthehigher Reynolds number showbetteragreement with the datafor the rear portionof the pressure surface than did tile comparison shown in Fig.5 at tile design Reynolds number. Theoverprediction dueto the augmentation model is the same for bothfigures. Again, thepredicted midspan heattransfer on the uncovered portionofthe suctionsurface is lowerthan thedata,andthe 1570 and25%predictions arehigher than measured. The spanwise average predicted heattransfer is higherthanmeasured. Theexperimental datain Fig.7" show an increase at s _ 0.3 that is consistent with earlier suction surface transition. The data of Fig. 5 indicates that for the design Reynolds number transition occurred much later, at s _ 0.7. For Case 3, intermittency informat.ion from the CFD code indicated that the predicted suction surface transition start occurred at about s = 0.2, approximately where early transition effects are evident in the experimental data.
Even though it is not shown in Fig. 8 , the pre-transition heat transfer with augmentation over-predicted the data. by the same ratio as shown in Figs. 5 and 7. The increase in Reynolds number did not. affect, the relative agreement. Figure 8 shows that without, the augmentation, the agreement is good in the leading edge region. At this high Reynolds number the pressure surface heat transfer is well predicted.
The predicted suction surface transition is much closer to the leading edge than is seen in the data. Transition was predicted to begin in a favorable pressure gradient region.
In favorable pressure gradients the location of the start, of transition is very sensitive to the inlet, turbulence level. The momentum thickness Reynolds number grows slowly with distance, and the freestream turbulence decreases with accelerating flows. While the data gives evidence of transition beginning at s near 0.2, the heat transfer increase is much less than the predicted increase.
Comparing the predictions in Figs. 9 and 10 with those in Fig. 5 show almost identical results. Even though the pressure ratio changed, the exit isentropic Reynolds number did not. The inlet Reynolds number changed only slightly.
Consequently, there was no mechanism to alter the predictions. The data are ahnost identical, and the ratio of predicted to measured heat. is the same as in Fig. 5 .
The predictions in Figs. 11 and 12 are with no augmentation for the laminar region. The leading edge heat transfer is well predicted. The midspan data show that, even though the inlet Reynolds nmnber was only 11_ greater for the positive incidence case in Fig. 12 , the start of suction surface transition moved significantly closer to tile leading edge. Comparing midspan measurements in Figs. 11 and 12 show a small, but noticeable, heat transfer difference just downstream of the leading edge oll the pressure surface.
The variation is due to tile different incidence angles. The predictions show a sinfilar variation in the minimum values near s = -0.13.
SUMMARY AND CONCLUSIONS
Detailed aerodynamic and heat transfer measurements and predictions were given for a power generation turbine rotor under engine specific conditions. The effects of variations in Reynolds number, exit pressure ratio, and incidence angle were quantified. The primary effect of Reynolds number variations in the range of -20_ to +407c was to move the locations of laminar-to-turbulent transition. Variations in isentropic exit pressure ratio over a range of -10% to +10% were found to have little effect on the blade heat transfer.
Positive incidence of 2 deg had almost no effect on blade heat transfer while 2 deg of negative incidence resulted in what could have been the start of a small pressure surface separation bubble just downstream of the stagnation region. In the fully laminar or fully turbulent flow regions, the data agreed well with the appropriate scaling laws.
The good spatial resolution due to the large scale and the liquid crystal measurement technique allowed the secondary flow effects to be clearly quantified. These secondary flows significantly increased suction surface heat transfer rates near the endwalls.
The data also quantified the three- 
